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There has been a substantial growth in the application of mass spectrometry (MS) methods for
the analysis of inorganic materials, due to the inherent sensitivity of mass spectrometry
ionization to the specific composition and structure of the analyzed materials. To date, few
mass spectrometry studies have focused on metal-chalcogenide materials, an important class
of semiconductor materials at the nanoscale, that exhibit interesting optical and electronic
properties as a function of size. In this study, we report the application of a correlated
electrospray mass spectrometry (ESMS) study between negative-ion and positive-ion mode
under low-cone voltage to probe size, composition, and stability of metal-chalcogenide
materials at the ,1 nm scale. This correlation approach provides insight into the ionization
behavior and thermodynamic stability of clusters in the ,1.0 nm size domain of the form
[Zn4(SPh)10][Me4N]2, [Cd4(SPh)10][Me4N]2, [E4Zn10(SPh)16][Me4N]4, [E4Cd10(SPh)16][Me4N]4
(E 5 S, Se). It is demonstrated that application of low-cone voltage ESMS can be a useful
technique for the rapid analysis of intact solid state nanomaterials when both negative and
positive ionic modes are analyzed, with a potential for extrapolation to other classes of
nanoscale materials. (J Am Soc Mass Spectrom 2000, 11, 338–344) © 2000 American Society
for Mass Spectrometry
Recent research efforts in soluble metal-chalco-genide nanomaterial science at the 1–3 nm scalehas opened new routes into the study of mate-
rials that exhibit quantized physical properties [1, 2].
These materials can be synthesized as near-monodis-
perse with controlled surface capping via thermal meth-
ods. These nanomaterials represent the boundary in
physical properties described pedagogically as the tran-
sition from molecularlike to bulk structures [3–5]. Re-
cent efforts in this area have focused on the controlled
solution-phase preparation and characterization of the
isolated semiconductor nanomaterials. The size scale of
these nanocrystals is estimated from around 1 nm to
less than 20 nm diameter, corresponding to an average
number of atoms from 50 to 105. Although the chemis-
try and physics of these materials are well understood,
their application in nanoelectronics has been limited by
a lack of discrete techniques for probing the discrete
composition, size, and stability. Current methods have
centered on physical methods, such as NMR, TEM,
X-ray diffraction, and optical techniques [6–8]. These
techniques are excellent tools for average analysis of the
ensemble, however they do not specifically address the
distribution in compositions or structure of individual
nanomaterials. Furthermore, few methods provide in-
sight into the thermodynamic stability, surface struc-
ture, and dynamic properties of these materials, with the
exception of solid state NMR [9–11] and more recently
optical methods which are hindered by the inherent
limited resolution of the optical transitions [12].
An alternative method for specific nanoparticle anal-
ysis of composition, size, surface, and stability that has
found widespread application in biological, molecular,
and polymeric systems is mass spectrometry. Recent
mass spectrometry studies in materials ranging from
C60 [13, 14] to silica clusters [15], and even large
biological materials [16], have elucidated the practical-
ity of mass spectrometry techniques for material anal-
ysis. A recent example in nanoscale semiconductors is
the use of laser ablation coupled with Fourier transform
ion cyclotron resonance mass spectrometry for analysis
of metal-chalcogenide clusters in the gas phase [17, 18].
Although these initial studies are promising, conven-
tional methods in mass spectrometry require thermal,
electronic, or photonic ablation which can result in
significant fragmentation of the neutral target.
Fragmentation processes provide beneficial informa-
tion about the average composition, limiting the avail-
able information about the single neutral “parent” species.
A softer ionization mass spectrometry technique, such as
electrospray mass spectrometry (ESMS)—a solution phase
ionization method—may be more appropriate for non-
fragmentation analysis of nanomaterials. ESMS ionization
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methods have been applied to molecules in biochemistry,
which due to their chemical composition and their bond-
ing, are susceptible to damage [19, 20]. One drawback of
ESMS methodology is the propensity for electrochemical
fragmentation in redox active species. In fact, electrochem-
ical redox fragmentation has been applied to ferrocene-
substituted biomolecules as a method for production of
charged ions by ferrocene fragmentation rather than direct
ionization of the biomolecule [21]. By controlling the
applied voltage, analysis of the parent or daughter ions
allows insight into the composition distribution, surface
species, and thermodynamic stability. The realization of
the benefits of ESMS methods to materials analysis has
recently resulted in a vigorous effort in using mass spec-
trometry as a tool in the analysis of inorganic and orga-
nometallic coordination complexes [22–24]. In metal chal-
cogenides, a recent negative-ion mode ESMS study
illustrated that fragment analysis of thiophenolate com-
plexes of cadmium and zinc can provide insight into the
material composition [25–27]. In this work, high-cone
voltage resulted in heavy fragmentation of the parent ion,
due to the redox activity of the thiol capping groups. The
enhanced fragmentation in negative-ion mode provides
only a limited picture of the potential for ESMS in nano-
material analysis. Correlation of negative-ion and posi-
tive-ion ESMS data may provide substantially greater
information about sample integrity by limiting the frag-
mentation due to redox processes.
In this article we report methodology for exploring
particle size and composition utilizing ESMS. We have
carried out a careful mass-spectroscopic analysis on a
series of well-characterized monodisperse metal-chalco-
genide clusters in which the substitution of the core and
surface are carefully controlled [28, 29]. We report the
analysis of zinc and cadmium chalcogenide clusters of
discrete size by positive- and negative-ion mode anal-
ysis under low-cone voltage conditions (,5 V). Corre-
lation of the ESMS methods provides substantial insight
into composition, sample homogeneity, and thermody-
namic stability. Low-cone voltage and direct infusion
allow for rapid analysis of the synthesized products. By
correlation of the positive and negative ion mode,
thermodynamically stable fragments, which may play a
role in the lyothermal growth of nanoscale metal-
chalcogenide materials, were identified in the ESMS.
The results strongly suggest that the clusters exist as
single discrete species in solution and indicate these
materials are surprisingly stable at ambient conditions
for several months. These studies provide insight into
the applicability of ESMS methods for structure analy-
Figure 1. (A) Electrospray mass spectra of (a) [Me4N]2[Zn4(SPh)10] and (b) [Me4N]2[Cd4(SPh)10] at a
cone voltage of 15 V in positive-ion mode. (B) Electrospray mass spectra of (a) [Me4N]2[Zn4(SPh)10]
and (b) [Me4N]2[Cd4(SPh)10] at a cone voltage of 25 V in negative-ion mode.
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sis, composition, and stability of nano semiconductor
materials.
Experimental
Electrospray Mass Spectrometer
Mass spectra were performed in negative-ion and in
positive-ion mode using a VG Platform II mass spec-
trometer (Fisons Instruments) coupled to a quadrupole
mass filter with a m/z ion range from 0 to 3000. The
quadrupole mass selector was calibrated using a solu-
tion of sodium iodide as a standard. Nitrogen was
employed as both the drying and nebulizing gas.
Freshly prepared samples [approximate concentration:
0.1 mmol L21 in dry acetonitrile (4 Å molecular sieve,
HPLC Grade)] were injected into the spectrometer at a
flow rate of 20 mL min21 using a syringe infusion pump
(Harvard Apparatus). The solutions are delivered to the
mass spectrometer source at a temperature of 67 °C. The
cone voltage used was 15 or 25 V for all samples to
minimize fragmentation processes. Cone voltages from
5 to 190 V were checked for reliability of the ion
distribution [30]. All assigned peaks in the presented
mass spectra were identified by the most intense m/z
value within the isotopic mass distribution. Although
the resolution in the mass spectra is limited, assign-
ments of the ionic species by comparison to the pre-
dicted isotope distribution patterns provide further
evidence of the cluster fragment assignments.
Materials
The clusters
[Cd4(SPh)10][Me4N]2, [Zn4(SPh)10][Me4N]2,
[S4Cd10(SPh)16][Me4N]4, [S4Zn10(SPh)16][Me4N]4,
[Se4Cd10(SPh)16][Me4N]4, [Se4Zn10(SPh)16][Me4N]4,
noted respectively as Cd4, Zn4, S4Cd10, S4Zn10, Se4Cd10,
Se4Zn10, were prepared by literature methods [31, 32].
X-ray powder diffraction, ICP, and 1H NMR measure-
ments were used to verify the composition of the
clusters.
Results and Discussion
Comparison of the Positive- and Negative-Ion
Mode
The advantage of positive-ion and negative-ion mode
ESMS correlation for analysis of inorganic materials is
apparent by inspection of the mass spectral data for the
Met4 series. Electrospray mass spectra in positive- and
negative-ion mode at 1 and 25 V cone voltage are
shown in Figure 1A for the Zn4 cluster and in Figure 1B
for the Cd4 clusters. The insets in Figure 1 show the m/z
peaks associated with the parent ions. Table 1 lists the
main ionic species detected, respectively, for the nega-
tive and the positive ions. The strong peak due to SPh2
(m/z 109) was omitted in the negative mode. Data below
m/z 200 are attributable to organic fragments and a
Table 1. Dominant ionic species observed in the ES mass spectra of (a) [(Me)4N]2[Zn4(SPh)10] and (b) [(Me)4N]2[Cd4(SPh)10]
Compound Ionic species Assignment m/z expt. m/z calc. Cone voltage
(a) [Me4N]2[Znn(SPh)2n11]
1
n 5 1 A 539 539
n 5 2 Ba 824 825
[Me4N]4[Zn4(SPh)10]
21 Ba 824 825
[Me4N]5[Zn5(SPh)13]
21 Cb 1058 1059
[Me4N]3[Zn4(SPh)10]
1 D 1574 1574 positive-ion mode
15 V
(b) [Me4N]2[Cdn(SPh)2n11]
1
n 5 1 E 589 589
[Me4N]3[Cd4(SPh)10]
1 F 1764 1764
(a) [Znn(SPh)2n11]
2
n 5 1 I 391 391
n 5 2 IIa 677 677
n 5 3 III 959 959
n 5 4 IV 1243 1243
[Zn4(SPh)10]
22 IIa 677 677
[Me4N][Zn4(SPh)10]
2 V 1426 1426 negative-ion mode
25 V
(b) [Cdn(SPh)2n11]
2
n 5 1 VI 441 441
n 5 2 VIIa 771 771
n 5 3 VIII 1101 1101
[Cd4(SPh)10]
22 VIIa 771 771
[Me4N][Cd4(SPh)10]
2 IX 1615 1616
aThe observed m/z values are those of the most intense peaks within the isotopic mass distribution for the species concerned.
bThis cationic species is a direct aggregation of neutral species around the Zn4S6 core.
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strong peak at m/z 74 from the tetramethyl ammonium
cation (NMe4) are not shown in the positive-ion mode
spectra.
Two distinct regions can be identified in the mass
spectra data in Figure 1: m/z 600–1200 range mass and
above m/z 1200. Between m/z 600 and 1200 mass range,
the most intense peaks are attributable to ions gener-
ated by fragmentation of the parent cluster. As demon-
strated by Løver et al., increasing cone voltages result in
a systematic increase in fragment intensity [26]. Mass
peaks above m/z 1200 (inset in Figure 1) are attributable
to direct parent ion fragments by either addition (in
positive mode) or loss (in negative mode) of one Me4N
1
cation. In the Discussion, we will use the expression
parent ion for gain of one or more Me4N
1 group on
positive ions, and loss of one or more Me4N
1 group on
negative ions, having intact metal and chalcogenide
core and capping. It is clear from the ESMS data in
Figure 1 that the metal-chalcogenide clusters can be
rapidly analyzed for size distribution and composition
by observation of the parent ion in positive-ion mode.
In positive-ion mode, we detect high mass peaks
which arise from the respective parent cluster of Zn4
and Cd4 in Figure 1A. These pseudo parent ions are the
[Zn4 1 Me4N
1]1 ion at m/z 1574 (peak D) and the
[Cd4 1 Me4N
1]1 ion at m/z 1764 (peak F). The sensitiv-
ity of positive mode ESMS allows the observation of
impurity doping as Cl2 in the semiconductor nanoclus-
ter distribution (the peaks are not labeled). The chloride
ions originate from Cl2 contamination resulting in the
observation of a series of peak at m/z 5 mstudied peak 2
74, consistent with the substitution of one SPh2 by one
Cl2 ion. In positive mode, fragmentation patterns are
only weakly observed; suggesting a major contribution
from redox-induced instability in the fragmentation of
the clusters under negative-ion mode at high-cone
voltage.
Negative-ion mode provides information on the
fragmentation process and cluster stability as one can
see in Figure 1B. From the related parent ion which are
the [Zn4 2 Me4N
1]2 anion at m/z 1426 (peak V) and the
[Cd4 2 Me4N
1]2 anion at m/z 1615 (peak IX), the loss of
one SPh2 and one Me4N
1 forms the series of ion species
[Mn(SPh)2n11]
2 (M 5 Cd, Zn) noted I, II, III, IV and VI,
VII, VIII for Zn4 and Cd4, respectively. In Zn4, commen-
surate with the singly charged ion (m/z 824 peak B), a
doubly charged ion is observed at m/z 824 in positive
mode ([Me4N]4[Zn4(SPh)10]
21). Peak shape analysis al-
lows assignment of overlapping double ion species. In
Figure 2. Electrospray mass spectra of (a) [Me4N]4[S4Cd10(SPh)16]
(mass range m/z 1400–2000), (b) [Me4N]4[Se4Cd10(SPh)16] (mass
range m/z 1500–2000), and (c) [Me4N]4[S4Zn10(SPh)16] (mass range
m/z 1200–1800) at a cone voltage of 15 V in positive-ion mode.
Scheme 1. Fragmentation patterns of [Me4N]4[S4Cd10(SPh)16]
correlated to the ESMS data obtained under positive- and negative-
ion mode. Bold S are m3-sulfur (bonds with only metal atoms),
regular S are m2-thiophenol plus four m1-thiophenol represented
with the phenyl rings.
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the negative-ion mode, the same observations can be
made in agreement with a previous study for Zn4 and
Cd4 [26]. Within the experimental limitations of mass
spectrometry (m/z ion mass range 0–3000), neither
observation of larger clusters, nor stable smaller clusters
in the reaction, are observed.
Parent-Ion Fingerprinting in Positive-Ion Mode
The ESMS technique allows us to clearly identify (“fin-
gerprint”) the metal-chalcogenide clusters by inspection
of the positive-ion mode spectra. Inspecting the Met10
clusters in Figure 2, the fingerprint of the clusters can be
clearly identified. Figure 2 presents a series of positive-
ion ESMS mass spectra (cone voltage: 15 V) for three
metal-chalcogenide clusters containing 10 metal atoms:
S4Cd10, Se4Cd10, and S4Zn10 (respectively Figure 2a, b,
c). Figure 2a, b illustrates the sensitivity in the mass
spectra depending on the chalcogenide core (S4Cd10
and Se4Cd10). Figure 2a, c displays the difference for
two 10-metal sulfur clusters containing cadmium or
zinc (S4Cd10, S4Zn10). Unlike the four-metal species, the
most intense peaks in the 10-metal mass spectra are
directly attributable to parent ions by the addition of
two Me4N
1 giving [Me4N]6[E4Met10(SPh)16]
21. The sin-
gly charged parent ion arising from the loss of one
ammonium cation is not observable because of mass
range limitations of the quadrupole detector. Recently,
the singly charged species in the positive-ion mode was
observed at m/z 5 3370.2 on an ES-TOF instrument,
confirming our initial assignments [33]. The positive-
ion parent peaks have a relative higher intensity com-
pared to those in the negative ionic mode (see, for
example, Figure 1B). This demonstrates the greater
sensitivity and selectivity for the mass spectrometry
analysis of parent ions in a positive mode.
Structural Insight from ESMS Spectra
Information about stability and fragmentation can be
addressed by closer inspection of the positive- and
negative-ion fragmentation patterns for the metal-chal-
cogenide species. In Schemes 1 and 2, cluster fragment
families provide direct structural information about the
clusters. In the negative-ion mode, substantial fragmen-
tation of the 10-metal atom chalcogenide clusters is
observed, even at low-cone voltage that is consistent
with earlier studies on these materials [26]. Table 2 lists
the predominant species detected in the ES mass spectra
of S4Zn10 and S4Cd10 under the same cone voltage
conditions (1 or 25 V). Schemes 1 and 2 describe the
fragmentation processes deduced from the mass spec-
tral data. More precisely for the S4Cd10 compound
(Scheme 1), we observe a pseudo-parent family in the
ESMS (25 V) arising from the loss of two, three, and
four Me4N
1 (m/z 1575, 1025, and 750, respectively). The
other fragments observed arise from subsequent loss of
neutrals from the parent fragments, i.e., [(Me4N)SPh] or
[Cd(SPh)2]. The same analysis can be done for the
10-metal atoms analog: S4Zn10 (Scheme 2).
Structural information, i.e., site of ligand substitu-
tion, can be assessed for the Met10 species by close
inspection of the mass spectra. A useful signature
arising from fragmentation of the four tetrahedral cor-
ners of the clusters can be observed at m/z 441 (negative
mode) and m/z 589 (positive mode) for [Cd(SPh)3] in
Cd10. By inspection of the m/z for the corner atom to the
family progression—compositional and site of substi-
tution can be directly assessed. For example, a single
chloride substitution on the cluster corners is observed
as a contaminant signature peak at m/z 5 367, with a
family progression associated with the addition of
Cd(SPh)2Cl to the larger fragments.
A second family of clusters in the Met10 mass spectra
with a m/z consistent with eight metal atoms and four
chalcogenides show stability even at high-cone voltages
is observed and worth noting. Although these clusters
are not isolable as a stable chemical species, during the
lyothermal growth of 3.0 nm CdSe nanomaterials a
Cd8Se4 fragment has been suggested to play a role in
the nucleation and growth of the CdSe nanomaterials
[34]. One of the members observed in the mass spectra
of the CdS clusters [S4Cd8(SPh)10]
22 at m/z 1060. This
species may arise via the loss of two corner [Cd(SPh)3
2]
species at m/z 441 (peak I). In the same way, we
observed two Zn8 clusters coming from the loss of two
neutral [Zn(SPh)2] and two neutral sulfur atoms coming
Scheme 2. Fragmentation patterns of [Me4N]4[S4Zn10(SPh)16]
correlated to the ESMS data obtained under positive and negative
ion mode. Bold S are m3-sulfur (bonds with only metal atoms),
regular S are m2-thiophenol plus four m1-thiophenol represented
with the phenyl rings.
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from the core structure generating the ion fragments
[Me4N]6[S2Zn8(SPh)12]
21 and [Me4N]5[S2Zn8(SPh)11]
21
(m/z 1170 and 1077 respectively). The thermodynamic
stability of the Met8 species relative to the parent cluster
is apparent at higher cone voltage (above 15 V) where
only the two peaks consistent with the Zn8 species are
still present. This fact suggests a more thermodynami-
cally stable structure for the zinc sulfide cluster ion.
Potentially, this may be correlated with thermodynamic
differences in the zinc sulfur and cadmium sulfur
packing as observed in bulk materials. Further mass
spectrometry studies on the growth of nanomaterials
from cluster precursors are required to correlate the
importance of the Met8 species.
Conclusions
Positive-ion mode in electrospray mass spectrometry
provides new information about the properties of met-
al-chalcogenide clusters that are complementary to the
negative-ion mode. The positive mass spectra allow us
accurate knowledge about the size and the composition
of the analyzed clusters (Zn4, Cd4, S4Zn10, S4Cd10, and
Se4Cd10). The negative-ion mode provides data on the
fragmentation pattern for each nanomaterial generating
information about the clusters’ thermodynamic stabil-
ity. Particularly, the difference between the stability of
the capping functions (here thiophenol groups) that are
readily exchanged in solution and the sulfur coming
from the core of the cluster is noticeable. In conclusion,
the combination of positive- and negative-ion mode
under low-cone voltage on electrospray mass spectrom-
etry is a potential tool for the characterization of nano-
materials. Both mass spectra provide a fingerprint of
the studied nano semiconductor materials. The ease of
direct infusion ESMS method can be used to follow on
line synthesis of II–VI and III–V nanomaterials elabo-
rated either on solution or in a solid state. Such studies
are in process and will be published in the near future.
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Table 2. Dominant ionic species observed in the ES mass spectra of (a) [(Me)4N]4[S4Zn10(SPh)16] and (b) [(Me)4N]4[S4Cd10(SPh)16]
Compound Ionic species m/z expt. m/z calc. Cone voltage
(a) [Me4N]2][Znn(SPh)2n11]
1
n 5 1 539 539
[Me4N]5[S2Zn8(SPh)11]
21 1077 1079
[Me4N]6[S2Zn8(SPh)12]
21 1170 1171
[Me4N]5[S4Zn10(SPh)15]
21 1395 1396
[Me4N]6[S4Zn10(SPh)16]
21 1487 1488 Positive-ion mode
15 V
(b) [Me4N]2[Cdn(SPh)2n11]
1
n 5 1 589 589
[Me4N]5[S4Cd10(SPh)15]
21 1631 1631
[Me4N]6[S4Cd10(SPh)16]
21 1722 1723
(a) [Znn(SPh)2n11]
2
n 5 1 391 391
[S4Zn10(SPh)16]
42 632 633
[Me4N][S4Zn10(SPh)16]
32 868 869
[S4Zn9(SPh)12]
22 1013 1013
[Me4N][S4Zn9(SPh)13]
22 1105a 1100
[Me4N][S4Zn10(SPh)15]
22 1246a 1241
[Me4N]2[S4Zn10(SPh)16]
22 1339 1340 Negative-ion mode
25 V
(b) [Cdn(SPh)2n11]
2
n 5 1 441 441
[S4Cd10(SPh)16]
42 750 751
[S4Cd10(SPh)15]
32 964 964
[Me4N][S4Cd10(SPh)16]
32 1025 1026
[S4Cd8(SPh)10]
22 1060 1060
[S4Cd9(SPh)12]
22 1225 1226
[Me4N][S4Cd9(SPh)13]
22 1317 1317
[Me4N][S4Cd10(SPh)15]
22 1482b 1483
[Me4N]2[S4Cd10(SPh)16]
22 1575b 1575
aThe difference between the found and the calculated data may be explained by a partial hydrogenation of these clusters.
bThese peaks are only here on trace form.
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